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ABSTRACT 
Thermal conductivity of brominated and pristine Union Carbide P-100 
graphite fibers In the 30 to 160 OC temperature range was determined by 
measuring thermal conductivities of graphite fiber epoxy composite samples and 
then excluding the epoxy contribution. A comparative thermal conductivity 
cr) 
N 
cr) 
I 
rD instrument was used to measure the thermal conductivity of the samples 
w containing fibers. Results show'ed that the thermal conductivity values were 
225 to 370 W/m-K and 215 to 340 W/m-K for pristine and brominated fibers, 
respectively. Furthermore, the thermal conductivity ratio of brominated to 
pristine P-100 fibers was 0.89, 0.91, and 0.92 at 55 to 80 OC; 108 and 130 OC 
respectively. Such decrease in thermal conductivity is resulted almost 
entirely from the 10 percent increase in fiber cross-sectional area due to 
bromination. This result suggested that bromination effects on P-100 fiber 
structure is small, and that some structural changes, presumably the 
sharp-angled domain wall becomes less sharp, occurred in the 80 to 108 OC 
temperature range. 
INTRODUCTION 
Bromination of pitch based P-100 fibers from Union Carbide Corporation 
results in changes of the fiber's physical properties. It has been reported 
t h a t  a f t e r  brominat ion o f  these f i b e r s ,  t h e  e l e c t r i c a l  c o n d u c t i v i t y  increases 
by about f i v e  t i m e s  (Ref. 1). t h e  mass increases by about 18 percent  (Ref.  2). 
and the f i b e r  diameters increases by about 5 percent (Re f .  1 ) .  Furthermore, 
t h e  f i b e r  surfaces c o n t a i n  very l i t t l e  i f  any bromine (Ref. 3 ) .  
f i b e r  i s  be l i eved  t o  be usefu l  as a s h i e l d i n g  m a t e r i a l  t o  p r o t e c t  e l e c t r o n i c  
instruments from electromagnet ic i n t e r f e r e n c e  o r  as a conduct ive m a t e r i a l  i n  
composites t o  improve composite a i r c r a f t  t o le rance  t o  l i g h t n i n g  s t r i k e s .  
This  new 
Another p o t e n t i a l  a p p l i c a t i o n  o f  these brominated f i b e r s  i s  brominated 
P-700 epoxy composite m a t e r i a l  heaters f o r  d e i c i n g  a i r p l a n e  sur faces o r  
h e l i c o p t e r  r o t o r s .  The e l e c t r i c a l  r e s i s t i v i t y  o f  such composite m a t e r i a l  i n  
t h e  d i r e c t i o n  o f  the u n i a x i a l  f i b e r s  i s  90 VQcm if t h e  f i b e r  volume f r a c t i o n  
i s  60 percent.  
chrome-nickel heat ing element. 
heat can be t r a n s f e r r e d  f rom such heaters t o  t h e  i t e m s  be ing heated, t h e  . 
thermal c o n d u c t i v i t i e s  o f  t h i s  composite m a t e r i a l  i n  both f i b e r  d i r e c t i o n  and 
t ransverse d i r e c t i o n  must be determined. This  r e p o r t  descr ibes t h e  e f f o r t s  o f  
measuring and computing t h e  thermal c o n d u c t i v i t y  o f  such a composite m a t e r i a l  
i n  t h e ' f i b e r  d i r e c t i o n .  The value thus obtained was used t o  c a l c u l a t e  thermal 
c o n d u c t i v i t y  o f  the f i b e r s  i n  t h i s  composite m a t e r i a l .  
This r e s i s t i v i t y  value i s  about t h e  same as t h a t  o f  a t y p i c a l  
I n  order  t o  know how u n i f o r m l y  and how f a s t  
I n  a d d i t i o n  t o  measuring t h e  thermal c o n d u c t i v i t i e s  o f  p r i s t i n e  and 
brominated P-100 f i b e r s ,  t h i s  r e p o r t  a l s o  descr ibes a method t o  use very 
l i m i t e d  supply o f  f i b e r s  ( i .e . ,  0.1 gm o f  f i b e r s )  t o  est imate i t s  thermal 
c o n d u c t i v i t y .  Theoret ica l  i m p l i c a t i o n  o f  t h e  thermal c o n d u c t i v i t y  data on t h e  
s t r u c t u r a l  damages d u r i n g  t h e  brominat ion process w i l l  a l s o  be discussed. 
APPARATUS AND PROCEDURE 
The comparative thermal c o n d u c t i v i t y  measurement inst rument ,  t h e  samples 
o f  unknown thermal c o n d u c t i v i t y ,  and t h e  equations used t o  c a l c u l a t e  thermal 
2 
c o n d u c t i v i t y  values f rom t h e  data obtained f rom experiments a r e  descr ibed 
below. 
Instrument 
The inst rument  used t o  measure thermal c o n d u c t i v i t y  o f  unknown samples 
was t h e  Model TCFCM comparative thermal c o n d u c t i v i t y  inst rument  manufactured 
by Dynatech Corporat ion.  A schematic diagram o f  t h i s  inst rument  i s  shown i n  
F ig .  1. The ins t rumen t  has a c e n t r a l  p a r t  thermal column shown i n  F ig .  2. I t  
cons is t s  o f  a pressure pad, a main heater, a t o p  reference standard, a sample, 
a bottom re fe rence  standard, an a u x i l i a r y  heater,  a heat s ink,  and spacers. 
The compressive pressure i n  the  thermal column was c o n t r o l l e d  t o  ensure 
un i fo rm thermal c o n t a c t  between t h e  reference m a t e r i a l s  and t h e  sample. 
Spacers were used t o  a d j u s t  the height  so t h a t  t h e  two standards and the  
r - m - 1 -  auwp IC. ut =pa c rnn+ornd . , c I I . . - l  -- w + + h  .. . -.. respect t o  an ou ts ide  thermal guard. 
t h e  o u t s i d e  guard was a l s o  c o n t r o l l e d  i n  order  t o  minimize t h e  temperature 
g r a d i e n t  i n  t h e  h o r i z o n t a l  d i r e c t i o n .  
ou ts ide  guard and t h e  thermal column was f i l l e d  w i t h  diatomaceous s i l l i c a  
( " C e l i t e "  made by M a n v i l l e )  t o  a c t  as a the rma l l y  i n s u l a t i n g  powder i n  order  
t o  ensure one-dimensional heat t r a n s f e r  p a r a l l e l  t o  the  thermal column 
d i r e c t i o n .  According t o  t h e  manufacturer, t h e  thermal c o n d u c t i v i t y  o f  t h i s  
thermal i n s u l a t i n g  powder i s  0.07 W/m-K a t  100 "C.  
Temperature o f  
Dur ing operat ion,  t h e  space between the 
The thermal column and the  outside guard were placed i n  a vacuum b e l l  
j a r .  Temperatures a t  p o i n t s  1 t o  6 were measured by t ype  K thermocouples. 
The c ross -sec t i ona l  area and shape o f  t h e  two references and t h e  sample were 
the  same i n  order  t o  ensure one-dimensional heat f l o w .  By app ly ing  proper 
c o n t r o l  on t h e  main heater  and a u x i l i a r y  heater,  steady s ta te ,  one-dimensional 
heat t r a n s f e r  from t o p  t o  bottom o f  the thermal column could be achieved. 
t h i s  case, t h e  heat t r a n s f e r  ra te ,  Q, would be 
I n  
3 
where T1, T2, T5, and T6 a re  temperatures a t  p o i n t s  1, 2, 5, and 6, 
r e s p e c t i v e l y  (see F ig .  7 ) ;  A x  i s  t h e  d i s tance  between p o i n t s  1 and 2; 
Axb 
and k i s  t h e  thermal c o n d u c t i v i t y .  The subscr ip ts  rt, and r b  represent  
t o p  and bottom reference ma te r ia l s ,  respec t i ve l y .  
t 
i s  t h e  d is tance between p o i n t s  5 and 6; A i s  c ross-sec t iona l  area; 
The thermal c o n d u c t i v i t y  o f  t h e  sample can be ca l cu la ted  f rom t h e  
f o l l o w i n g  formula: 
5 - 
k~ A(T3 - T4) 
where kS  i s  the thermal c o n d u c t i v i t y  o f  t h e  unknown sample, T3 and 
T4 a r e  temperature a t  p o i n t s  3 and 4, r espec t i ve l y ,  and A x  i s  t he  
d i s tance  between p o i n t s  3 and 4. 
S 
Samples 
Two d i f f e r e n t  k inds  o f  samples were used i n  the  experiments: samples 
con ta in ing  a small number o f  s t rands o f  f i b e r s  f o r  an order-of-magnitude 
es t ima t ion  o f  a f i b e r ' s  thermal c o n d u c t i v i t y ,  and samples con ta in ing  a l a r g e  
volume f r a c t i o n  o f  f i b e r s  t y p i c a l  of a graphi te-eqoxy composite f o r  a more 
accura te  de terminat ion  o f  thermal c o n d u c t i v i t y .  I n  bo th  cases t h e  samples 
were u n i d i r e c t i o n a l  composites made from P-100 g raph i te  f i b e r s  and epoxy, w i t h  
t h e  f i b e r  d i r e c t i o n  p a r a l l e l  t o  t h a t  o f  t h e  heat f low.  
The amount o f  heat  f l o w  through t h e  samples can be d i v i d e d  i n t o  a f i b e r  
component and an epoxy component, as descr ibed by the  f o l l o w i n g  equat ions:  
AxS 
( 3 )  
4 
where subscripts f and e represent fibers and epoxy, respectively. 
Rearranging the above equations give the thermal conductivity o f  the fiber 
- keAe) 
Af 
kf = ( 4 )  
The two kinds o f  samples are described as follows: 
(1) Nine (or sixteen) strands of fibers were embedded in a 
cylindrical-shaped epoxy to form the 1-in. diameter sample. 
axially directed and were exposed to the outside at both ends of the 
cylinder. The position of the fibers is described in Fig. 3. The samples 
were made by forming a 1-in. diameter, cured epoxy cylinder, drilling 9 or 16 
holes in axial direction through the cylinder, placing the fibers in the 
holes, filling the holes with epoxy, and finally curfng the epoxy and 
I F 1  I l l l ~ l l l l l y  b"L.lI b I I U a .  The epcxy res!!? .sod I!! th!c euper!!!!ent W Z C  
The fibers were 
r r C 4 r 4 r h 4 n n  n+h anrlr 
Model 301-2 from Epoxy Technology Corporation. 
temperature, a 2 hr curing time and a 1 day potting life. It was cured in a 
mold made of 1-in. schedule 40 copper pipe with 1-in. inside diameter and with 
It has an 80 "C curing 
one end plugged by a rubber stopper. The cured product was transparent so 
that the fibers In this cylindrical epoxy can be seen clearly. 
Since the 9 or 16 strands of fibers (about 0.15 mm2 per strand) had 
cross sections much smaller than the cross section 
2 507 mm ) ,  A and A, in Eq. (4) were considered to 
Eq. (4) became 
The values of k and ke, thermal conductivities 
S 
of the sample (about 
be the same. Thus, 
(5) 
o f  epoxy embedded with 
9 or 16 strands of fibers and that of pure epoxy, respectively, can be 
measured by the instrument described above. Knowing the cross section was 
5 
2 2 507 m in diameter of the sample and 0.15 m for one strand of fibers, 
thermal conductivity of the fibers could be calculated. 
The equations derived here are based on the assumption that any 
cross-sectional area of the thermal column is an isothermal surface. This 
assumption comes into question in the fiber-strands-in-epoxy cases described 
here because of the nonuniform structure of the cross-sectional areas of the 
sample. 
and 0.79 m thick) were placed between the two reference materqals and the 
sample to ensure isothermal surfaces at both ends of the sample (see Fig. 1). 
In order to alleviate this problem, two copper disks (2.54 cm diam 
(2) Unidirectional graphite fibers-epoxy composite material, with fiber's 
volume fraction in the composite predetermined and fibers in heat flow 
direction, was used as the second kind of sample. The epoxy used for these 
samples was Ciba Geigy's MY720 and 976 DDS hardener. From Eq. ( 4 ) ,  knowing 
that the thermal conductivity of the graphite fibers was much larger than that 
of epoxy (kf/ke approximately 1000) and that the fiber's volume fraction 
of the composite was in the 0.5 to 0.7 range, the second term of this equation 
can be neglected. The resultant equation is 
S kS 
kf=A,=ii- 
k 
where R Is the fiber's volume fraction in the composite. 
The description of individual samples, their dimensions, filler ratios, and 
the reference materials used for the experiments are summarized in Table I. 
Thermal' Conductivity Ratio of Brominated to Pristine P-100 Fibers 
The thermal conductivity ratio of brominated to pristine P-700 fibers was 
obtained first by measuring the Individual thermal conductivities and then 
calculating their ratio. A second and more accurate method was also used to 
estimate this ratio. This method Involved using a thermal column consisting 
6 
of pristine P-100 epoxy composites as the reference material and brominated 
P-100 epoxy as the unknown sample. Rearranging E q s .  (1) and (2), and letting 
krt = krb = kr, AXt = AXb = AXr, T1 - T2 = ATt, T3 - T4 - ATS, 
and T5- T6 =  AT^ one has 
and kr are the thermal conductivities k* In this particular case, 
of brominated and pristine P-100 epoxy composites, respectively, ATt, 
ATb, and 
composite, bottom pristine composite and brominated composite, respectively, 
AT are temperature differences measured in the top pristine 
S 
and Axs and Axr are the distances between the two thermocouples in 
the brominated composite and the pristine composites; respectively. 
From Eq.  ( 6 1 ,  nne has 
where and .kfs 
prist ,ne P-100 
S 
k _ -  
kfs - RS 
r 
kfr - R~ 
k 
- -  
are thermal conductivities of brominated and 
ibe.rs, respectively, and Rs and R r  are filler ratios 
kfr 
of brominated and pristine composite, respectively. 
Combining E q s .  (7) and ( 8 ) ,  on has 
AT + ATb 
kfs  r =($)(:)[ ATS ] ( 9 )  
RESULTS AND DISCUSSION 
Figures 4 and 5 show the thermal conductivity values obtained from 
various samples. 
to 340 W/m-K for pristine and brominated P-100, respectively. It is believed 
that the data obtained from the highly filled composite fiber samples were 
The values were 225 to 370 W/m-K for pristine fibers and 215 
1 
most accurate since the thermal contact resistance between these samples and 
the reference materials was the lowest among all samples. This low thermal 
contact resistance resulted from the samples being adhered to the reference 
materials by silver paint, and the thermal column being under compressive 
force. 
obtained by Hereman (300 W/m-K at room temperature; Ref. 4), but was somewhat 
lower than the value obtained by Union Carbide Corporation (520 W/m-K, Ref. 5). 
The thermal conductivity of the pristine P-100 fibers agreed with that 
Two methods were used to estimate the ratio of brominated P-100 thermal 
conductivity to pristine P-100 thermal conductivity. The first method was 
direct use of the thermal conductivity measured in this experiment and 
described in F i g s .  4 and 5. The second method Involved using a thermal column 
consisting of prlstine P-100-epoxy composite as references and brominated 
P-100-epoxy composite as the unknown sample. Substltutlng the data obtained 
from this thermal column in Eq. (9), the thermal conductivity ratio was 
calculated. 
of 80 OC or lower, results from these two methods methods agree very well. 
Above 80 "C, the two methods begin to deviate from each other, with maxlmum 
devlation of about 20 percent. This deviation is believed to be due to the 
Figure 6 shows the results. It is obvious that at a temperature 
breakdown of the silver paint at 6061 aluminum-composite interface and the 
resultant poor thermal contacts of these surfaces at high temperatures in the 
first method. Thus, the second method is believed to be more accurate than 
the first method at high temperatures, and the thermal conductivity ratio of 
brominated to pristlne fibers is in the range of 0.89 to 0.92 when the 
temperature was i n  the range of 55 to 125 OC. 
By examining Fig. 6, it Is obvious that the effects of bromination on 
thermal conductivity of P-100 fibers are small. Thus, it is concluded that 
the structural changes due to brominating P-100 is also small. 
especially true if one consider the fact that the 10 percent increase In fiber 
This is 
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c ross -sec t i ona l  area w i l l  r e s u l t  i n  10 percent  decrease i n  thermal 
c o n d u c t i v i t y .  Therefore t h e  thermal c o n d u c t i v i t y  r a t i o  o f  a s i n g l e  brominated 
g r a p h i t e  l a y e r  t o  a s i n g l e  p r i s t i n e  g r a p h i t e  l a y e r  i s  approximately 10 percent  
above t h e  0.89 t o  0.92 range, o r  0.98 t o  1.01. I n  o the r  words, t h e  thermal 
c o n d u c t i v i t y  o f  a s i n g l e  brominated g r a p h i t e  l a y e r  i s  about t h e  same as t h e  
thermal c o n d u c t i v i t y  o f  a p r i s t i n e  g raph i te  l a y e r  i n  P-100 f i b e r s .  
The thermal c o n d u c t i v i t y  r a t i o  o f  brominated t o  p r i s t i n e  P-100 f i b e r s  was 
observed t o  be 0.89 when t h e  temperature was 80 O C  o r  lower, b u t  increased t o  
0.91 and 0.92 a t  108 and 130 " C ,  respec t i ve l y .  This small  i nc rease  i n  t h e  80 
t o  108 O C  range was reproduced th ree  t imes and t h e r e f o r e  apparen t l y  was n o t  
due t o  exper imental  e r r o r .  Furthermore, a l l  f o u r  p o i n t s  were obta lned i n  one 
run. Thus, any source of e r r o r  was l i k e l y  t o  change t h e  h e i g h t ,  b u t  n o t  t h e  
shaDe o f  t h e  curve shown I n  F ig .  6. This  smal l  increase i n  t h e  thermal 
c o n d u c t i v i t y  r a t i o  i n  80 t o  108 O C  temperature range may be expla ined 
s a t i s f a c t o r i l y  i f  we assume t h a t  brominat ion of g r a p h i t e  f i b e r s  r e s u l t e d  i n  
t r u e l y  bromine i n t e r c a l a t e d  compound. The sharp-angled domain w a l l  i n  such 
compound become l e s s  sharp, and the re fo re  more the rma l l y  conduct ive,  when the 
sample temperature i s  above t h i s  temperature range (Ref. 6). 
The equat ions de r i ved  here a r e  based on t h e  assumption t h a t  any cross 
s e c t i o n  o f  t h e  thermal column i s  an Isothermal surface. This  assumption comes 
i n t o  ques t i on  i n  t h e  f iber-strands- in-epoxy cases descr ibed here because o f  
t h e  nonuni form s t r u c t u r e  o f  t h e  cross-sect lonal  areas o f  t h e  sample. 
comparing t h e  da ta  f rom h i g h l y  f i l l e d  composite m a t e r l a l  samples t o  t h e  da ta  
f rom f iber-s t rands- in-epoxy samples (F igs.  4 and 5) ,  t h e  d iscrepancies a r e  
r a r e l y  l a r g e r  than 20 percent.  
i n  t h i s  r e p o r t ,  t h e  approximate thermal c o n d u c t i v i t y  o f  h i g h l y  t h e r m a l l y  
conduct lve f i b e r s  w l t h  l i m i t e d  suppl ies (0.1 gm) can be obtained. 
But, 
This suggests t h a t  us ing  t h e  method developed 
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CONCLUSION 
Resul ts  o f  t h i s  s e t  o f  experiments showed t h a t  thermal c o n d u c t i v i t i e s  o f  
p r i s t i n e  and brominated P-100 f i b e r s  were 225 t o  370 W/m-K and 215 t o  
340 Wlm-K, r espec t i ve l y .  Upon brominat ion,  thermal c o n d u c t i v i t y  o f  s i n g l e  
g r a p h i t e  l a y e r  i n  P-100 f i b e r s  remain unchanged. However, because f i b e r  
diameter Increases d u r i n g  brominat ion,  t h e  thermal c o n d u c t i v i t y  o f  P-700 
f i b e r s  a t  55 t o  80 "C, 108 and 130 O C  decreased t o  89, 91, and 92 percent  o f  
i t s  p r i s t i n e  values, respec t i ve l y .  Th is  r e s u l t  suggests t h a t  some s t r u c t u r a l  
changes, presumably so f ten ing  o f  t he  sharp-angled domain w a l l ,  occurred i n  t h e  
80 t o  108 O C  temperature range. This  r e s u l t  a l s o  suggests damage o f  P-100 
f i b e r  s t r u c t u r e  dur ing  brominat ion i s  smal l .  Resul ts  a l s o  showed t h a t  samples 
f rom 0.1 gm f i b e r s  gave thermal c o n d u c t i v i t y  values w i t h  20 percent  o r  smal le r  
e r r o r .  
es t imat ions  o f  thermal c o n d u c t i v i t y  o f  f i b e r s  whose supply i s  l i m i t e d .  
These samples cou ld  t h e r e f o r e  be used t o  make order-of-magnitude 
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TABLE I. - SAMPLE AN0 REFERENCE MATERIALS USE0 I N  THIS EXPERIMENT 
Samp 1 e 
number 
1 
2 
3 
4 
5 
6 
7 
8 
Shape and 
dimens i on 
1 - i n .  diameter c y l i n d e r  
1 - i n .  diameter c y l i n d e r  
11/16-in. cube 
1 - in .  c y l i n d e r  
11/16-in. cube 
11/16-in. cube 
1 - i n .  diameter c y l t n d e r  
11/16-in. x 11/16-in. x 1 - i n .  
Type o f  
P-1 00 
f i b e r s  
~ 
P r i  s t i n e  
P r i  s t i n e  
P r i  s t i n e  
Brominated 
I 
none 
~ 
F i b e r  volume 
f r a c  t i  on ,d 
pe rcen t  
0.27 
( 9  s t rands )  
0.47 
(16 s t rands )  
64.4 
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( 9  s t rands )  
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Referencea 
Pyrex 7140 
Pyrex 7740 
A1 mi num 6061 b 
Pyrex 7140 
Incone l  718 
A1 uminum 6061 b 
P r i s t i n e  P-100b.c 
Pyrex 7740 
aTherma1 c o n d u c t i v i t y  o f  Aluminum 6061 a l l o y  was measured b e f o r e  beg inn ing  t h i s  s e t  o f  
experiments. The values were 151. 166, 166, and 156 W/m-K a t  45.6, 86.8, 125.9, and 
165.3 "C, r e s p e c t i v e l y .  Thermal c o n d u c t i v i t i e s  o f  o t h e r  re fe rences  were s u p p l i e d  by 
Dynatech Corpo ra t i on .  
bFor good thermal con tac t ,  s i l v e r  p a i n t  was used as an adhesive t o  j o i n  t h e  sample and t h e  
re fe rence  m a t e r i a l s .  A lso,  some compressive p ressu re  was a p p l i e d  on t h e  thermal  column. 
C A  11/16- in .  x 11/16-tn. x 1 - i n .  composite w i t h  f i b e r  i n  1 - In .  d i r e c t i o n  and f i l l e r  r a t i o  o f  
64.4 pe rcen t .  
dThe f i l l e r  r a t i o  was determined f rom t h e  f o l l o w i n g  equat ion:  
(nc  - ne) / (n f  - ne) ,  where nc, nf.  and ne a r e  d e n s i t i e s  o f  composite f i b e r  
and epoxy, r e s p e c t i v e l y .  I n  t h i s  experiment. t h e  d e n s i t i e s  o f  p r i s t i n e  f i b e r s ,  brominated 
f i b e r s ,  and epoxy were 2.18, 2.30, and 1.30, r e s p e c t i v e l y .  
f i l l e r  r a t i o  = 
. 
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FIGURE 1.- SCHEMATIC DIAGRAM OF THE COMPARATIVE THERMAL CONDUCTIVITY INSTRUMENT. 
FIGURE 2.- A THERMAL COLUMN WITH THERMOCOUPLE WIRES I N  THE COMPARATIVE 
THERMAL CONDUCTIVITY INSTRUMENT. 
TOP VIEW 
m m  
FIBER STRANDS 
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FIGURE 3 . -  FIBER STRANDS FMBEDDED I N  1" DlAM CYLINDRICAL 
EPOXY FOR THERMAL CONDUCTIVITY MEASUREMENT. 
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FIGURE 4 . -  THERMAL CONDUCTIVITY OF P R I S T I N E  
P-100 FIBER SAMPLES (THE LABELED NUMBERS ARE 
THE SAMPLE NUMBERS DESCRIBED I N  TABLE 1) .  
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FIGURE 5.- THERMAL CONDUCTIVITY OF BRD- 
MINATED P-100 FIBER SAMPLES (THE LABELED 
NUMBERS ARE THE SAMPLE NUMBERS DESCRIBED 
I N  TABLE 1). 
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